Human DNA polymerase (Pol ) modulates susceptibility to skin cancer by promoting translesion DNA synthesis (TLS) past sunlight-induced cyclobutane pyrimidine dimers. Despite its well-established role in TLS synthesis, the role of Pol in maintaining genome stability in the absence of external DNA damage has not been well explored. We show here that short hairpin RNA-mediated depletion of Pol from undamaged human cells affects cell cycle progression and the rate of cell proliferation and results in increased spontaneous chromosome breaks and common fragile site expression with the activation of ATM-mediated DNA damage checkpoint signaling. These phenotypes were also observed in association with modified replication factory dynamics during S phase. In contrast to that seen in Pol -depleted cells, none of these cellular or karyotypic defects were observed in cells depleted for Pol , the closest relative of Pol . Our results identify a new role for Pol in maintaining genomic stability during unperturbed S phase and challenge the idea that the sole functional role of Pol in human cells is in TLS DNA damage tolerance and/or repair pathways following exogenous DNA damage.
Human DNA polymerase (Pol ) modulates susceptibility to skin cancer by promoting translesion DNA synthesis (TLS) past sunlight-induced cyclobutane pyrimidine dimers. Despite its well-established role in TLS synthesis, the role of Pol in maintaining genome stability in the absence of external DNA damage has not been well explored. We show here that short hairpin RNA-mediated depletion of Pol from undamaged human cells affects cell cycle progression and the rate of cell proliferation and results in increased spontaneous chromosome breaks and common fragile site expression with the activation of ATM-mediated DNA damage checkpoint signaling. These phenotypes were also observed in association with modified replication factory dynamics during S phase. In contrast to that seen in Pol -depleted cells, none of these cellular or karyotypic defects were observed in cells depleted for Pol , the closest relative of Pol . Our results identify a new role for Pol in maintaining genomic stability during unperturbed S phase and challenge the idea that the sole functional role of Pol in human cells is in TLS DNA damage tolerance and/or repair pathways following exogenous DNA damage.
Mutations in the POLH gene that encodes DNA polymerase (Pol ) are responsible for the variant form of xeroderma pigmentosum (XP-V). XP-V is a rare autosomal recessive disorder characterized by extreme sensitivity to sunlight and a very high incidence of sunlight-induced skin cancer, as are the other forms of "classical" XP (17, 27) . However, in contrast to the other nucleotide excision repair (NER)-defective XP complementation groups (XP-A to XP-G), XP-V cells have normal NER but cannot support translesion synthesis (TLS) past DNA-containing cyclobutane pyrimidine dimers (CPDs) (27) . Purified Pol , the TLS polymerase that is mutated in XP-V, is able to synthesize past this lesion with a high level of efficiency (28) , and in a majority of cases it inserts the correct nucleotide, adenine, opposite the two thymines contained in the cyclobutane pyrimidine dimer ring (26) .
The ability to replicate efficiently past UV pyrimidine dimers has been the principal-or sole-function assigned thus far to Pol . In the absence of Pol , cells display an increased rate of UV-induced mutagenesis and carcinogenesis (23) that may reflect inefficient or error-prone synthesis by another polymerase. In mouse cells, this back-up polymerase may be Pol (12) . Despite its ability to replicate past cyclobutane pyrimidine dimers, Pol does not appear to be able to carry out TLS past the other major UV photoproduct, the pyrimidine pyrimidone photoproduct [(6-4)PP] in vitro or in vivo. It can, however, replicate past a limited number of other types of DNA damage in vitro, albeit with a lower level of efficiency than past CPDs (21) . Whether the bypass of these lesions is performed in vivo by Pol is less clear. For example, XP-V cells are sensitive to cisplatin, suggesting that bypass of cisplatin lesions may depend on Pol (1) . Combined NER-and Pol -mediated lesion bypass has also been suggested as the likely mechanism for repairing DNA interstrand cross-links formed by mitomycin C (46) and psoralen (32) . In contrast, Pol does not appear to play a role in replication past endogenous lesions such as 8-oxoguanine (3) or abasic sites (2) .
It has been difficult to visualize or identify sites of action of Pol or any of the other TLS polymerases by immunofluorescence due to their low levels of expression. However, in cells that mildly overexpress Pol , it has been possible to localize the polymerase to nuclear replication factories during S phase. This localization depends on several motifs located close to the C terminus of Pol , including an NLS and a ubiquitin-binding zinc finger domain (7, 18) . Localization of Pol in replication factories may concentrate the polymerase near sites of replication to facilitate recruitment to carry out TLS. If cells cannot remove or synthesize through a lesion blocking the replication fork, then homology-dependent recombinational repair (HRR) may be used to restart the replication fork (11, 34) . RAD51-mediated HRR has been shown to be important for the repair of DNA damage during replication in all organisms (20, 31, 42) . Recent evidence has suggested that Pol , in addition to its role in TLS, may participate in HRR. This has been suggested by analyses of gene conversion in chicken DT40 cells during immunoglobulin gene diversification (19) , as well as by in vitro experiments showing that Pol is capable of promoting extension of the invading strand in D-loop struc-tures to facilitate RAD52-mediated second-end capture during recombination-mediated repair (29, 30) . The functional importance of this observation is less clear. Recent evidence from yeast argues that the bulk of heteroduplex DNA strand extension during HRR is mediated by the preferential recruitment of a replicative DNA polymerase, Pol ␦ (25). Moreover, there is no obvious recombination deficit in XP-V patients or in XP-V cells beyond a modest elevation in the frequency of UV-induced sister chromatid exchanges (10) .
In order to better understand the functional roles and importance of Pol in human cells, we used short hairpin RNAs (shRNAs) to selectively deplete Pol from cells and then determined how the loss of Pol affected cell cycle progression, DNA replication dynamics, and cell proliferation in otherwise unperturbed cells. These experiments revealed an unexpected role for Pol in maintaining chromosomal stability and preventing common fragile site (CFS) breakage during unperturbed S phase. Our results thus broaden the functional role of Pol in human cells to include the maintenance of genomic stability during unperturbed DNA replication in S phase.
MATERIALS AND METHODS
Pol cloning and mutagenesis. The human Pol coding sequence was cloned as a NheI-XhoI fragment from the pGBKT7-hpoleta vector (44) into pET28 (Novagen). A catalytically inactive mutant of human Pol (Dead Pol ) was constructed by using QuikChange (Stratagene) according to the manufacturer's instructions to incorporate mutations (D115A and E116A) as well as a silent SacII site used for the mutant selection. The resulting products were sequence verified prior to transfection into Escherichia coli host strain BL21-CodonPlus(DE3)-RIL (Stratagene) for protein production. The open reading frames of native and Dead Pol were also subcloned into the cytomegalovirus-driven expression vector pcDNA.3.1/Hygro (Invitrogen) to allow transient ectopic expression of Pol . A new multiple cloning site (Table 1) was introduced into the pcDNA3.1/Hygro vector (Invitrogen) as a NheI-XhoI fragment. A double FLAG sequence (Table 1) has been inserted as a HindIII-BamHI fragment. Finally, the Pol PCR product obtained from pET28 plasmid using Eta Fw and Eta Rev primers (Table 1) was cloned into the modified pCDNA3.1/Hygro vector as a BamHI-NotI fragment.
RheoSwitch-inducible system (New England Biolabs) for the regulated expression of native and catalytically inactive ectopic Pol . A double FLAG tag (Table 1) was introduced in the pNEBR-X1 plasmid as a BamHI-HindIII fragment. The open reading frames were cloned in the pNEBR-X1-FLAG expression vector as a BamHI-NotI fragment. The pNEBR-R1 vector was transfected into U2OS cells, and clones were selected with neomycin (Invitrogen) at 50 g/ml for 15 days. To select the best repressor clone, we have transiently transfected the pNEBR-X1 vector expressing green fluorescent protein into these clones and we have analyzed green fluorescent protein expression by flow cytometry 24 h after the addition of the RSL1 ligand (500 nM; New England Biolabs). The best clone was then cotransfected with the pNEBR-X1-FLAG vector expressing either the wild-type (WT) Pol or the Dead Pol together with the pcDNA3.1/Hygro vector (Invitrogen), so selection was achieved by addition of hygromycin (Invitrogen) at 250 g/ml for 15 days. Regulated expression of proteins was assayed after RSL1 induction, followed by Western blotting. Clones presenting the expression level of ectopic Pol similar to the endogenous Pol were used in this study.
Cell culture. U2OS cells, MRC5 fibroblasts, and XP-V XP30RO cells (kindly provided by Patricia Kannouche, Villejuif, France) were grown as described previously (18, 38, 43) . Control or depletion replicative vectors (pEBVsiRNA) (6) were calcium phosphate transfected into U2OS cells. Individual stable clones were selected and maintained in 200 g/ml hygromycin-B (Invitrogen). For transient depletion experiments, 100 nM of control small interfering RNA (siRNA) (Eurogentec) or a Pol -specific siRNA (Sigma) ( Table 1) was transfected 24 h after seeding by using the Lipofectamine 2000 protocol.
Cell growth and survival assays. Growth curves were determined by seeding 75,000 cells in duplicate into six-well plates, counting duplicate wells each day over the subsequent 4 days of growth. Doubling time [T d ϭ ln(2)/slope], means, and standard deviations were calculated from three independent experiments. For cell survival after UVC radiation (2.5 and 5 J/m 2 ) or caffeine (100, 500, and 1,000 M) exposure, 500 to 1,000 cells were seeded into six-well plates and treated 24 h after seeding, and 8 days later cells were stained with crystal violet. Mean survivals and standard deviations were determined from three independent experiments.
Antibodies for Western blot analysis. We used primary antibodies against Pol (50 g/ml; Abcam ab17725), Pol (a gift from R. Woodgate [NIH, Bethesda, MD]), phosphorylated Ser345-Chk1 (1:1,000; 133D3; Cell Signaling), total Chk1 (1:1,000; G-4, Cell Signaling), Ku70 (1:10,000; N3H10; Interchim), and actin (1:10,000; C4; Chemicon).
Immunofluorescence. Experiments were performed as described in reference 18. Different primary antibodies directed against PCNA (1:500; Abcam ab-18197), Pol (1:100; FLAG M2 F-3165; Sigma), ␥-H2AX (1:500; JBW 301; Upstate Biotechnology), and pChk2 (1:100; pThr68-Chk2; Cell Signaling) were used. Alexa Fluor 488 and 594 (Fisher) were used as secondary antibodies at a dilution of 1:1,000. All antibody incubations were performed for 1 h at 37°C. Images were collected through a 12-filter set on a Leica microscope (ϫ100 objective), using a CoolSNAP HQ charge-coupled-device camera (Photometrics, Roper Scientific) driven by MetaMorph software (Roper Scientifics).
Cell cycle. To determine the cell cycle phase distribution, cells were fixed in 70% ethanol and then labeled with propidium iodide as described previously (35) . S-phase progression analysis was performed as described in reference 37, except that cells were blocked in G 2 /M phase by the addition of colcemid (0.1 g/ml; Gibco). Cells were then incubated for 15 min at 37°C in phosphatebuffered saline (PBS)-5 mM EDTA containing 10 g/ml propidium iodide (Sigma) and 1 mg/ml RNase A (Sigma). Fluorescence-activated cell sorter (FACS) analysis of the doubly labeled cells was performed on a FACScan (Becton Dickinson). Results were analyzed using ModFIT or WinMDI 1.8 software. Means and standard deviations were calculated from three independent experiments. DNA fiber stretching. DNA was stretched on silanized glass and loaded into channels by capillary tension as described in reference 41. Immunodetection with confocal microscopy of stretched DNAs was performed on the Zeiss Axiovert microscope with a ϫ63 objective. Up to 70 merged two-color digital images of tracks were collected and saved. Lengths of tracks were subsequently measured in these images using the attached Zeiss AxioVision software.
Metaphase. Cells (500,000) were seeded into 10-cm dishes in growth medium for 24 h, at which point 100 nM aphidicolin (Sigma) was added or not for an additional 24 h. Colcemid (0.1 g/ml; Gibco) was added for the last 3 h to accumulate mitotic cells prior to centrifugation, resuspension in PBS, and hypotonic swelling in 0.075 M KCl for 6 min at 37°C. Cells were then centrifuged, rinsed, and fixed in methanol-acetic acid (3:1). Spread chromosomes were stained for 5 min with 70 g/ml acridine orange (Sigma), washed with several changes of PBS, and then mounted on slides in mounting medium (DakoCytomation) prior to microscopy (see "Immunofluorescence").
FISH analysis. A total of 500 ng of FRA7H probe (BAC 36B6 RP-11) was labeled with Chromatid Alexa Fluor 488 dUTP (Invitrogen) using the BioPrime DNA labeling system (Invitrogen), purified on Probe Quant microcolumns (GE Healthcare), and then ethanol precipitated with human Cot-1 DNA (Invitrogen; 0.1 g/l) overnight at Ϫ20°C. Precipitated DNA was collected by centrifugation (30 min at 10,000 ϫ g) and incubated for 2 h at 37°C in hybridization mix (45) prior to use. A human chromosome 7-specific centromeric probe labeled with Cy3 was also used according to the supplier's recommendations (Cambio). A fluorescence in situ hybridization (FISH) experiment was carried out as described in reference 45. Analyses were performed on a Zeiss microscope Imager.Z1 (ϫ100 objective) coupled with a SenSys camera using the CytoVision software measuring module (Applied Image Corp.).
RESULTS
Generation of Pol -and Pol -depleted human cells. We constructed independent clonal derivatives of human p53-proficient osteosarcoma U2OS cells in which the expression of POLH or POLI had been silenced by using replicative vectors (pEBVsiRNA) (6) expressing independent shRNA sequences specific for the POLH (sh1 and sh2) or POLI (sh1 and sh2) mRNAs (see Materials and Methods) ( Table 1 ). The control shRNA sequence was previously validated in several studies (5) . This vector system produced stable gene silencing even after several months in culture, with substantial depletion of Pol (90% and 70% for sh1 and sh2, respectively) or Pol (75% and 80% for sh1 and sh2, respectively) as assessed by Western blot analysis ( Fig. 1A and B) . We verified both the extent and specificity of depletions by using real-time PCR as well and used the same method to demonstrate that expression of none of the other replicative or Y family DNA polymerases that were examined was altered in cells depleted of Pol or Pol (data not shown). The phenotype of Pol -depleted cells was further verified by demonstrating increased UV sensitivity compared to cell clones expressing control shRNAs (Fig. 1C  and D) .
Pol -depleted cells have G 2 /M and proliferative defects. We used quantitative FACS analysis to determine whether Pol -or Pol -depleted cells displayed a cell cycle progression defect in the absence of DNA damage. These analyses were performed using asynchronous cultures of sh1-and sh2-depleted and CTR1 and CTR2 clones in order to avoid potential artifacts introduced by synchronization. Flow analyses revealed a modest but significant (P values of 0.002 for sh1 and 0.01 for sh2) accumulation of Pol -depleted cells in G 2 /M with a correspondingly reduced G 1 fraction compared with that in control cells (Fig. 2A) . In agreement with these results, Pol -depleted cells proliferated more slowly in exponential culture (Fig. 2C) with a doubling time ϳ7 h longer than that of control cells (37 and 38 h for sh1 and sh2, respectively, versus 30 and 31 h for CTR1 and CTR2, respectively). In contrast, we observed no difference in cell cycle phase distribution or doubling time in cells depleted of the Y family Pol ( Fig. 2B and D) .
Spontaneous chromosome abnormalities in Pol -depleted cells. We analyzed metaphase spreads prepared from Pol (sh1 and sh2)-depleted and control (CTR1 and CTR2) cells to further investigate the consequences of loss of Pol for chromosomal stability. Pol depletion from U2OS cells resulted in a significant increase in the frequency of cells displaying chromatid breaks in the absence of exogenous DNA damage or S-phase perturbation (7 to 8% of metaphases in depleted cells versus 2 to 3% of metaphases in control cells) (Fig. 3A) . Two additional experiments were performed to demonstrate the specificity of this effect for Pol loss of function. First, we depleted Pol from normal diploid human MRC5 fibroblasts using si2 (Table 1 ) and confirmed the karyotypic instability first observed in Pol -depleted U2OS cells (Fig. 3B) . Second, we confirmed an elevated level of spontaneous chromatid breaks in XP30RO cells from an XP-V patient who carries a POLH gene deletion that leads to truncation of Pol at residue 35 (Ala 35 ) (17) and demonstrated that breakage was suppressed when these cells were complemented with a POLH cDNA encoding full-length Pol (Fig.  3B) . Chromatid breaks and gaps were the most common abnormalities in all of the Pol -deficient cell lines analyzed (Fig.  3C) . We also observed a substantially higher frequency of aberrant metaphases with more than two breaks or gaps per metaphase in Pol -depleted cells treated with the replication inhibitor aphidicolin (Fig. 3A) . This observation, together with the preponderance of chromatid-type lesions, indicates that most or all chromosomal abnormalities in Pol -depleted cells are likely to be replication dependent (Fig. 3A) . These data are, to the best of our knowledge, the first demonstration that spontaneous chromosome instability occurs in XP-V/Pol -deficient cells in the absence of exogenous stress.
Pol depletion leads to DNA break-mediated damage signaling. We noticed that a subset of Pol -deficient cells showed elevated levels of ␥-H2AX focus formation, an indicator of DNA strand breakage, in the absence of exogenous DNA damage ( Fig. 4A and B) . Although the intensity of the ␥-H2AX response in Pol -depleted cells was weaker than that after exposure to exogenous DNA damage, it was reproducible and significantly elevated over the background compared with that in Pol -proficient cells. We also observed, although at a lesser extent and at a lesser intensity, elevated ␥-H2AX focus formation in Pol -depleted cells (Fig. 4B) , probably due to the recently identified novel role of Pol in protecting cells from endogenous oxidative damage (36) .
These focus-forming data indicated that Pol might be local- izing to sites of DNA double-strand breaks (DSBs) marked by ␥-H2AX in Pol -depleted cells. In order to further investigate this possibility, we determined the level of expression and the phosphorylation status of two central transducer kinases in DNA damage response signaling, Chk1 and Chk2. These kinases are phosphorylated by the apical DNA damage response kinases ATR and ATM in response to replication stress (33) . The level of phosphorylated Chk1, assessed by Western blotting with a Chk1 anti-phosphoserine 345-specific antibody, did not change when either Pol or Pol was depleted from U2OS cells (data not presented). In contrast, there was a twofold induction of pThr68-Chk2 formation in cells depleted of Pol (Fig. 4C) . This response was not observed in mock-depleted cells and was observed to a lesser extent in cells depleted of Pol ( Fig. 4A and C) . Double immunostaining revealed that pThr68-Chk2 colocalized in nuclear foci with ␥-H2AX in cells depleted of Pol (Fig. 4A) . These results indicate that depleting Pol from human cells causes increased genomic instability, DSB accumulation, and damage-induced focus formation in the absence of added DNA damage and suggest that these events occur late in S phase or in G 2 phase.
Increased CFS expression following Pol depletion. The karyotypic and cytologic results reported above raised the question of whether specific chromosomal regions might be preferentially affected or destabilized in Pol -depleted cells. We focused first on CFSs, specific regions of the human karyotype that preferentially exhibit metaphase gaps or breaks following partial inhibition of DNA synthesis. These sites are also frequently "expressed" in human tumors, meaning rearranged or lost as a consequence of chromosomal breakage, and may be sensitive indicators of replication stress in premalignant cells (4, 14) . The most highly expressed CFSs in human cells include 3p14.2 (FRA3B), 16q23 (FRA16D), 6q26 (FRA6E), 7q32.3 (FRA7H), and Xp22.3 (FRAXB). Fragile site sensitivity is in part cell line dependent, and among the sites listed above, the typical expression of the only 7q32.3 FRA7H CFS can be observed in U2OS cells, probably due to rearrangements in other CFSs in this tumor cell line (9) . In order to determine whether depletion of Pol from U20S cells promoted instability at the 7q32.3 (FRA7H) fragile site, we used a FISHbased assay to quantify the fraction of chromosomal breaks that localized to 7q32.3 (FRA7H) in Pol -depleted U2OS cells (Fig. 5) .
We first verified the specificity of our FRA7H probe by hybridizing it along with a chromosome 7-specific centromeric probe to metaphase spreads from diploid cells. FRA7H probe was then used to assess expression of the FRA7H fragile site in Pol -depleted cells. We observed an eightfold increase in FRA7H expression (translocations, amplifications, deletions) under conditions of replication stress in Pol -depleted cells (Fig. 5D ). When we analyzed the same cells under unperturbed growth conditions, there was a threefold increase of FRA7H expression in Pol -depleted cells compared with that in control cells (Fig. 5A to D) . FRA7H expression was not elevated in either mock-depleted or Pol -depleted U2OS cells (not shown). These results indicate that Pol may contribute to CFS stability under conditions of unperturbed growth as well as under conditions of replicative stress. ATR was found to play a major role in maintaining the stability of CFSs by directing the cellular checkpoint response to stalled replication at these sites (9) . Cells lacking ATR showed a dramatic increase in CFS expression following treatment with low doses of aphidicolin (50 and 100 nM). Furthermore, ATR deficiency alone induced a low frequency of spontaneous gaps and breaks at CFSs, showing that ATR is required for CFS stability even during unperturbed replication, as we show here for Pol . One prediction from these observations was that Pol -depleted U2OS cells should have enhanced sensitivity to the ATR inhibitor caffeine compared to cells expressing control shRNAs. The data demonstrate that this is the case: the absence of Pol in conjunction with ATR deficiency further suppresses cell viability (Fig. 5E ). This result further supports a role for Pol in maintaining CFS stability. 
Analysis of replication dynamics in Pol -depleted cells.
Our fragile site results led us to examine replication dynamics in Pol -depleted cells. CFSs are known to be induced by inhibitors of DNA synthesis, are late replicating, and are dependent upon a functional intra-S checkpoint for expression (14) . These observations have led to the hypothesis that CFSs may result from the delayed or incomplete replication of genomic regions that are inherently difficult to replicate, with the production of stalled or broken replication forks or DNA single-strand gaps. In order to better understand how Pol depletion was contributing to CFS expression in the absence of added DNA damage, we determined whether Pol -deficient cells had altered S-phase progression, replication fork rates, or S-phase nuclear replication factory dynamics.
We analyzed the duration of S phase in Pol -depleted and control cells by performing a flow cytometric analysis of cells that had been pulse-labeled for 15 min in early S phase with bromodeoxyuridine followed by a thymidine "chase" and were then analyzed over a 10-h time course (Fig. 6A ). Pol -depleted cells and control cells did not differ significantly in progression through S phase until 6 h after labeling, when a slight delay in S phase was observed in Pol -depleted cells (Fig. 6A) .
We next asked whether Pol -depleted cells exhibited alterations in the rate of replication fork progression on undamaged DNA. For this analysis, we used a newly developed method in which replicated DNA is labeled in vivo with the halogenated nucleosides IdU and CldU and then isolated and stretched by passive flow through microchannels prior to capture on silanized glass coverslips (see Materials and Methods). Newly replicated regions ("replication tracks") in the stretched DNA molecules could then be visualized and measured by immunostaining with antibodies that are specific to CldU or IdU (41) . This method enabled us to monitor replication fork progression at the level of individual replicating DNA molecules (Fig. 6B) and to show that, as it was recently observed in avian cell lines (15) , fork progression rates did not differ between Pol -depleted cells and control cells in the absence of DNA damage (Fig. 6C and D) .
We also determined whether Pol depletion affected replication factory dynamics over the duration of S phase in otherwise unperturbed cells (Fig. 7) . DNA replication in human cells takes place at discrete sites in the nucleus, termed replication factories, where DNA is colocalized with large protein complexes that contain DNA polymerases and accessory replication proteins such as PCNA. These replication foci undergo reproducible changes in number, size, and location during Sphase progression (22) . During early S phase, hundreds of small factories are distributed throughout the nucleoplasm, with the exception of the nucleoli (Fig. 7A) . In late S phase, replication foci decrease in number but increase in size and often form characteristic ringlike structures in the nucleoplasm together with factories distributed along the nuclear membrane (Fig. 7A) . We found that Pol -depleted U2OS cells contained predominantly early replication factories with fewer cells displaying late replication factory morphologies (Fig. 7B) . In order to determine whether these changes in replication factory dynamics depend on Pol catalytic activity, we used a RheoSwitch-regulated, inducible gene expression system (see Materials and Methods) to reexpress at comparable levels (as evidenced by the intensity of the green flag-stained cells) catalytically active or inactive Pol in depleted cells (Fig. 8) prior to analyzing replication factory morphology by PCNA immunostaining ( Fig. 7C and D) . The catalytically inactive mutant of Pol (Dead Pol ) contains two mutations (D115A and E116A) in the two critical active site residues. This mutant Pol open reading frame was also tagged with a double FLAG epitope tag to facilitate cytologic analyses (see Fig. S1A in the supplemental material). The absence of catalytic activity of this double mutant form of Pol was verified by purifying Dead Pol and showing that it was not able to replicate past CPDs in vitro (see Fig. S1B in the supplemental material). We demonstrated that replication factory abnormalities observed in Pol -depleted cells could be suppressed by native, though not catalytically inactive, Pol ( Fig. 7C and D) . We observed similar perturbed replication factory dynamics in Pol -depleted normal human diploid fibroblasts and in XP-V cells prior to complementation with catalytically active Pol (see Fig. S2A and B in the supplemental material). These results collectively indicate that Pol activity is required for normal replication factory formation and maturation during S phase.
Our results provide the first documentation of an altered DNA replication program in XP-V or Pol -depleted cells in the absence of exogenous DNA damage that is associated with and may be mechanistically linked to fragile site expression. Interestingly, we observed similar changes in replication factories in cells partially depleted for Rad51 by siRNA (40; data not shown), a key component in HRR. This could reflect the presence or persistence of DSBs occurring during replication of CFSs, or that Pol and Rad51 act in the same postreplication repair pathway during S phase.
DISCUSSION
Pol is best known for its role in responding to genome damage that arises when a cell is exposed to an extrinsic genotoxic stress, such as UV irradiation. Individuals with mutations in the human POLH gene are affected by the variant form XP-V, a rare, autosomal recessive human genetic syndrome with sun hypersensitivity associated with UV hypermutability, numerous skin abnormalities, and a high level of early and multiple skin cancers on sun-exposed sites of the body, which is consistent with the ability of Pol to support efficient and error-prone TLS across one of the sites of major UV damage, the cyclobutane thymine dimer. We used shRNA-mediated Pol depletion from human cells to explore and better understand physiologic roles of Pol in both unperturbed S phase and in cells following the addition of replication inhibitors. Pol -depleted cells demonstrated two consistent abnormalities that may be mechanistically linked: altered replication factory dynamics and elevated instability of a CFS. Of importance, these abnormalities were demonstrated in unperturbed replicating cells and in several different cell types, including primary fibroblasts, and appeared to depend on Pol catalytic activity as demonstrated by a combination of depletion and complementation experiments. Moreover, these effects are specific to Pol since none of these cellular or karyotypic defects was observed in cells depleted for Pol , the closest relative of Pol . These observations provide new information on the role of Pol during S phase in unperturbed normal cells and extend the function of Pol to normal DNA replication in cycling cells.
This newly identified role of Pol in suppressing CFS instability is of particular interest as the regulation of CFS stability is still poorly understood. CFSs are typically relatively large (several-hundred-kilobase) regions of chromosomal DNA of unremarkable sequence that are replicated in late S phase. Delay or inhibition of replication has been shown to induce chromosomal breakage at these sites. CFS instability is enhanced in ATR-deficient cells (9) or when Chk1 activity is compromised (13) . These results have led to the proposal that the ATR pathway stabilizes replication forks stalled within fragile site sequences to ensure replication and the completion of S phase while avoiding DNA breakage (14) . We found that cells lacking Pol were hypersensitive to the ATR inhibitor caffeine. One mechanistic explanation for this observation is that fork stalling in the absence of Pol cannot be stabilized in cells where ATR is inhibited by caffeine. The resulting collapsed or broken forks, at CFS and other genomic sites undergoing replication, would be predicted to lead to chromosomal instability and cell death. This model would explain the observation made by several groups that XP-V cells are hypersensitive to killing by UV irradiation in the presence of caffeine (8, 24, 43) . Thus, combined treatment with UV and caffeine may target functional roles for Pol in human cells in the TLS of UV damage and in ensuring CFS stability.
We also analyzed the replication program of Pol -depleted cells by examining replication fork rates and replication factory dynamics. Using replication track analysis (RTA) on stretched DNA, we detected no change in global fork progression rates in cells depleted of Pol compared to those in controls. However, if replication in Pol -depleted cells is impaired only at a specific subset of loci, such as CFSs, our assay may not reveal it. In the future, it should be possible to apply a variant of RTA, RTA-FISH with a FRA7H probe, to determine whether fork rates in FRA7H itself are altered in Pol -deficient cells prior to and after DNA damage. Our analyses of replication factory dynamics, in contrast, revealed an unexpected decrease in the proportion of cells with a late-replication foci pattern and a corresponding increase in cells with early patterns in Pol -depleted cultures. This may be an indication of delayed completion of bulk replication occurring in early S and/or a delayed or impaired onset of late replication. One potentially interesting experiment would be to determine whether the timing of FRA7H replication is delayed or otherwise altered in Pol -depleted cells, as little is known about mechanisms that regulate replication timing or switching between early and late replication timing. One of the most intriguing ideas suggested by our results is that Pol may have two fundamentally different functional roles in human cells, one in the context of the replisome, where Pol is recruited to allow the replication of UV dimers and related types of DNA damage, and a second role in the context of DNA synthetic events that do not involve the full replisome.
Two roles of the latter type may be envisioned. Pol may extend invading strands in D loops as it has been recently proposed (19, 29, 30) , and in addition, Pol may be recruited at the termination of replication when DNA between two converging forks needs to be completely replicated prior to topological resolution of the two replicated sister chromatids. Alternatively, Pol may be required for the replication per se of naturally occurring DNA structures capable of forming unusual secondary structures, as many breakage hot spots in the human genome are mapped inside or near sequences that have the potential to adopt non-B DNA structures. A failure of any of these postulated roles for Pol would be expected to pro- duce the phenotype that we have observed, namely, chromatid breaks with the accompanying damage response activation, CFS expression, and potentially altered maturation of replication factories as seen with replication focus patterns. The XP-V syndrome has been estimated to comprise 20% of XP patients with mild or severe clinical features, including late-onset skin cancers (16) . Most mutations in the POLH gene in XP-V patients are heavily biased toward the N-terminal region and encode a Pol protein with either missense mutations or severe truncations that abolish both DNA polymerase and bypass activities. Our results make several predictions about the pathogenesis of XP-V and suggest additional analyses of tumors arising in XP-V patients as well as in acquired Pol deficiencies and in Polh mutant mice.
First, CFS instability should be elevated in otherwise normal XP-V cells and may lead to a higher percentage of cell death or senescence in vivo in the absence of exogenous DNA damage. A prediction is that the frequency of senescent cells should be higher in tissue from XP-V patients or Polh mutant mice. It may also be possible to address this issue by determining the mitotic history of cells from XP-V patients and controls (39) , where the prediction is that cells from XP-V patients or Polh mutant mice would have undergone more mitotic divisions at any given chronological age due to higher cell loss during and after development.
A second prediction is that CFS instability in Pol -deficient cells may be further accentuated by exposure of UV or other forms of DNA damage, such as cisplatin, that may depend on Pol for accurate replication or repair. This type of analysis could be performed initially in cell lines or strains and could be readily extended to primary cells from XP-V patients or from Polh mutant mice. A related, third prediction is that there should be a higher frequency of CFS-associated loss of heterozygosity in tumors arising in sun-exposed skin and perhaps at other sites of the body exposed to high levels of exogenous or endogenous DNA damage (e.g., the liver and kidney) and that instability or loss of heterozygosity would be more pronounced in the absence of Pol .
The tumor spectrum in XP-V patients and in Polh mutant mice argues that Pol deficiency alone may lead to instability or mutagenesis but is not sufficient to cause tumors in mice or humans. The absence of Pol becomes a powerful cocarcinogen only in conjunction with a strong "driver" that could be either chemical (in the form of DNA damage) or genetic. This requirement likely reflects the relatively highly specialized functional roles that Pol appears to fill in mammalian cells. It should be possible to further explore the mechanistic and molecular aspects of these roles using human cells that are either mutant for or depleted of Pol , as well as in Polhdeficient mice with biochemical and cellular defects that closely resemble the Pol -deficient/XP-V human phenotype. Our results provide an important contribution to these analyses by identifying an unexpected new function of Pol during S phase in unperturbed normal human cells that is in addition to the well-established role of Pol in TLS.
